We sought to assess the potential use of an application allowing real-time ultrasound spatial registration with previously acquired magnetic resonance imaging in musculoskeletal procedures. The ultrasound fusion application was used to perform a range of outpatient procedures including piriformis, sacroiliac joint, pudendal and intercostal nerve perineurial injections, hamstring-origin calcific tendonopathy barbotage, and 2 soft tissue biopsies at our institution in 2015. The application was used in a total of 7 procedures in 7 patients, all of which were technically successful. The ages of patients ranged from 19 to 86 years. Particular use of the fusion application compared to sonography alone was noted in the biopsy of certain soft tissue lesions and in perineurial therapeutic injections.
C
onventional two-dimensional ultrasound systems equipped with position sensors can acquire threedimensional (3D) spatial data allowing registration with previously acquired computed tomography and magnetic resonance (MR) for fused real-time ultrasound imaging. [1] [2] [3] The fusion software requires identification of internal fiducial points that act as localization markers, corresponding to targeted anatomic points in the pre-acquired imaging, the accuracy of which is important to the subsequent real-time registration. Image fusion alignment involves sequential algorithmic transformations minimizing the error between the output and target image. An electromagnetic field generator is used to track transducer orientation to simultaneously map real-time ultrasound with corresponding anatomy on pre-acquired MR. This technology allows improved navigation with hand-swept imaging and has demonstrated use in a range of specialties including liver, 4 ,5 prostate, 6, 7 and breast 8 procedures. There has also been recent interest with regard to musculoskeletal applications [9] [10] [11] [12] [13] with real-time fusion being used to guide sacroiliac injections in vitro and vivo 9, 10 and guide biopsy of musculoskeletal tumors. 13 Despite this, a clear role for the technology remains yet to be established in musculoskeletal intervention. We describe our experience and the potential use in musculoskeletal procedures.
Materials and Methods
Informed verbal consent was obtained from each patient for the use of the application in addition to routine written consent, and the study was approved by our institutional review board. The eSieFusion imaging application on an ACUSON S3000 ultrasound system (Siemens AG, Munich, Germany) was used to automatically integrate real-time ultrasound images using a position sensor with previously acquired MR images. The corresponding appropriate MR sequence for fusion was imported to the Ultrasound machine S3000 from the picture archiving and communication system prior to beginning the case. All registrations were performed using either an L9 linear or C6 curved transducer with an attached probe used in conjunction with an electromagnetic field generator for transducer localization in space ( Figure 1 ). The procedures were performed by 2 musculoskeletal radiologists (C.B., R.A.) with 8 and 25 years of experience, respectively, each with 1 year of experience with the fusion application. The application was used in a total of 7 procedures in 7 patients between March and July 2015. The procedures were identified as being appropriate in advance. A minimum of 3 fiducial markers were used for registration to fuse the 2 data sets as close to the intended needle tip target as possible, which varied with respect to the anatomy involved (Figure 2) .
One percent lidocaine local anesthesia was used in all procedures. The fusion imaging was utilized in pudendal ( Figure 2 ) and ninth intercostal perineurial therapeutic injections, a piriformis muscle injection targeting the sciatic nerve, a sacroiliac joint injection for sacroiliitis, and barbotage/therapeutic injection for the treatment of hamstring tendon-origin calcific tendopathy. The application was also used in 2 soft tissue biopsies, the first in a case of a suspected metal-onmetal hip arthroplasty debris-related periprosthetic soft tissue mass and the second in a patient following resection of a forearm sarcoma with positive margins and new enhancing soft tissue on follow up MR imaging surveillance ( Figure 3 ).
T1-weighted MR sequences were selected for fusion in all cases except the ninth intercostal nerve perineurial injection where the ultrasound was fused to a 3D Figure 1 . A, Ultrasound probe with position sensor. A bracket secures a sensor to the transducer that affirms the appropriate "place in space" within the electro-magnetic field. All registrations were performed using either an L9 linear or C6 curved transducer. B, Electromagnetic field generator (transmitter). C, The application of the fusion application (eSieFusion imaging) for an ultrasound-guided barbotage of the rotator cuff. Note, the electromagnetic field generator (transmitter or cube) seen on the right of the image is positioned at least 60 cm away from the electronics unit (tracker box) and within a 20 to 30 cm radius from the patient, as recommended by the manufacturer. A 26-year-old male with pelvic pain. MR ultrasound fusion images have been acquired with the patient positioned prone. Fiducial markers have been placed at the (A) ischial tuberosity margin labelled PtC01, (B) the obturator internus margin labelled PtC04, and on the (C) pudendal nerve itself labelled PtC03 (white arrow) allowing for localization of the previously acquired MR to the ultrasound examination.The green bar is an indicator of proximity of the transducer within the electromagnetic field. The red "needle unplugged" represents the fact that the needle tracking function is not in use. D, The pudendal nerve is mildly thickened within Alcock's canal (white arrow in both MR and ultrasound images) consistent with the patient's symptoms. E, MR ultrasound registration image demonstrates the needle being positioned from the left side of the screen (white arrow in ultrasound image) and perineurial injection solution (*) with the black arrow on the corresponding MR image demonstrating the position of the nerve. IT, ischial tuberosity; OI, obturator internus. See also the video available online at wileyonlinelibrary.com/journal/jum. (continued) SPACE sequence and the right forearm biopsy where fusion was performed with a contrast-enhanced fat-suppressed T1 sequence. All fused MR sequences used had been acquired in the axial plane. In the current work, only the split screen mode was used due to operator preference, although the images can also be displayed in an overlay mode with variable transparency of the ultrasound image. In all cases, axial images were displayed within and on either side of the target region of interest.
The fused sequence was aligned in the same orientation as the real-time ultrasound. In all cases, this was in the axial plane. For the pudendal nerve, hamstring-origin barbotage, and piriformis and sacroiliac joint injections, the patient was positioned prone, therefore the imported sequence was inverted in the vertical and horizontal planes. All other cases were performed in the supine position, therefore no change in orientation of the axial image was required.
Results
The application was used in 7 different procedures (see Table 1 ). The mean time for the procedures ranged from 6 minutes to 33 minutes with a mean of 19.7 minutes. The application was able to register to different MR scanners with varying sequence parameters and interspaces.
The pudendal nerve, piriformis/sciatic nerve, and intercostal nerve therapeutic injections were all technically successful and produced relief of symptoms. The sacroiliac joint therapeutic injection and hamstring-origin calcific tendinosis barbotage were both successful demonstrating symptomatic improvement. Both of the biopsies yielded diagnostic tissue. The periprosthetic lesion was confirmed as a non-malignant, particle-related mass, and the biopsy of the suspicious region of enhancement adjacent to the forearm resection bed yielded inflammatory soft tissue without evidence of local neoplastic recurrence.
Discussion
This application allows the operator to align 3D computed tomography or MR data with real-time ultrasound imaging and has been successfully used in a range of applications to improve navigation and ultrasound-based guidance for interventional procedures. The software requires identification of internal fiducial points that act as localization markers, corresponding to targeted anatomic points in the pre-acquired imaging, the accuracy of which is important to the subsequent real-time registration. Image fusion alignment involves multiple steps, the first being to generate synthetic data, to which a computed transformation is applied to establish fiduciary and target registration error. An input image with several fiduciary points identified undergoes a series of translations and rotations and is compared to a target image from which an error can be calculated, followed by sequential algorithmic transformations minimizing the error between the output and target image. Using this technique point-based registration of both fiducial and target points has been reported to yield an average target registration error as low as 5.4 mm. 3 With respect to musculoskeletal interventions, realtime fusion software has been described in sacroiliac injections 9, 10 and guiding biopsy of musculoskeletal tumors. 13 We similarly found the fusion application effective for sacroiliac joint injection and in guiding soft tissue biopsies yielding diagnostic tissue. We also used the application for ninth intercostal and pudendal nerve perineurial injections, a piriformis injection, and a hamstring tendon-origin calcific barbotage.
Sequence selection varied depending on the most favorable anatomic depiction. T1-weighted images were used in the majority of cases, however, in the case of intercostal neuritis, fusion was performed to the 3D SPACE sequence and in the postoperative sarcoma resection patient with enhancement around the resection bed, the biopsy was fused to a fat-suppressed contrast-enhanced T1 sequence (Figure 3) . In all cases, registration was performed using axial acquisitions and at least 3 fiduciary markers.
It is acknowledged that practitioners are generally able to plan and directly target needle placement on the ultrasound images without additional benefit of real-time fusion. Furthermore, in cases targeting the gadoliniumenhancing viable portion of a mass, power Doppler alone may be sufficient for the same purpose. The target anatomy was generally well depicted with ultrasound alone, however, there were certain scenarios where the use of dynamic real-time MR ultrasound fusion allowed for more confident needle placement. The position of the pudendal nerve within Alcock's canal may be difficult to identify clearly on ultrasound, and the addition of MR fusion improved accurate localization for needle placement. Similarly, in the case of the ninth intercostal nerve injection, localization allowed for accurate targeting of the affected nerve in a case made technically more demanding by the patient's body habitus. In this case, symptomatic relief was crucial after many years of misdiagnosis and failed therapy. In the case of previous forearm sarcoma resection and radiation therapy, the use of fusion allowed for accurate sampling of the new enhancing tissue identified on follow-up MR with a greater degree of confidence than simply using ultrasound alone, the histopathology of which yielded inflammatory tissue with no evidence of local recurrence.
Piriformis injections are usually technically straightforward using ultrasound alone, although real-time correlation with fused MR imaging added confidence to the procedure and may possibly identify a variable course of the sciatic nerve, which in up to 15% of patients, all or part of the sciatic nerve may pierce the piriformis muscle or emerge superior to it. [14] [15] [16] In the case of periprosthetic soft tissue mass, targeted biopsy could have been performed easily with ultrasound alone, although real-time fusion enabled affirmation that both ultrasound and MR were, in fact, the same abnormal soft tissue. Furthermore, the hamstring tendon-origin calcific deposit was well seen on ultrasound, although the ability to perform fused imaging confirmed the abnormality seen on MR as being calcification before barbatoge.
There are several apparent limitations to this application. There is an additional delay in the process of importing the appropriate MR sequence, alignment, and fusion, however, this will likely reduce with increasing experience. Ultrasound interventions frequently require positioning the target anatomy for optimal acoustic access and needle placement, as a result probe alignment is not in the true axial, sagittal, or coronal planes with possible resultant difficulty correlating with standard MR cross-sectional imaging. True fiduciary points may not be practical. The best fiducial points should be closely placed to the relevant anatomic target for optimal registration and ideally be placed on fixed anatomic structures (ie, not across a joint where motion may lead to malalignment). An additional limitation is the requirement of using an electromagnetic field generator near the area of interest and once the registration occurs, its position must remain fixed to maintain the fusion. Image acquisition is, as with all sonographic procedures, user-dependent and the quality of the imaging is affected by the physical characteristics of the patient and overlying structures.
Our cohort size is small and prospective work is required to confirm increased accuracy and improved operator performance compared to standard practice in musculoskeletal interventions. It appears that the greatest use of this application may be in the localization of small or enhancing soft tissue structures, readily visible on MR but difficult to appreciate on ultrasound such as deep biopsies or perineurial injections, particularly where factors such as body habitus may increase technical difficulty.
